Scanning Auger electron spectroscopy and scanning electron microscopy have been used to investigate the local composition and structure of highly textured c^ axis oriented YBaCuO films with thicknesses in the range 0.4 -1 pm. The cuprate films were sputtered on MgO and sapphire (lOO)-oriented single-crystal substrates at room temperature followed by several anneal stages below or at 920 "C in pure oxygen. The YBaCuO/sapphire sample was examined again after an additional 750 "C air anneal for 24 h. By applying Auger line profiling on a freshly prepared cross-sectional surface of a thin cuprate film deposited on a sapphire substrate we have been able to show that barium aluminate segregation at grain boundaries is the main cause of the higher electrical resistance usually observed for cuprate films on A&O,. The (drastic) reduction in T, can be attributed to the substitution of aluminium in the cuprate at copper sites. Severe interdiffusion has been observed for the epitaxial c^ axis oriented YBaCu oxide films grown on an MgO substrate, which leads to a deterioration in the superconductivity.
Summary
Scanning Auger electron spectroscopy and scanning electron microscopy have been used to investigate the local composition and structure of highly textured c^ axis oriented YBaCuO films with thicknesses in the range 0.4 -1 pm. The cuprate films were sputtered on MgO and sapphire (lOO)-oriented single-crystal substrates at room temperature followed by several anneal stages below or at 920 "C in pure oxygen. The YBaCuO/sapphire sample was examined again after an additional 750 "C air anneal for 24 h. By applying Auger line profiling on a freshly prepared cross-sectional surface of a thin cuprate film deposited on a sapphire substrate we have been able to show that barium aluminate segregation at grain boundaries is the main cause of the higher electrical resistance usually observed for cuprate films on A&O,. The (drastic) reduction in T, can be attributed to the substitution of aluminium in the cuprate at copper sites. Severe interdiffusion has been observed for the epitaxial c^ axis oriented YBaCu oxide films grown on an MgO substrate, which leads to a deterioration in the superconductivity.
The main reason for reduced T, and quality of cuprate films on MgO is the copper loss into the substrate, the depth of penetration of copper extending more than 400 nm below the YBaCuO-MgO interface. From our experimental results it is evident that Auger line profiling is an important tool in the analysis of high T, superconducting thin films.
*Paper presented at the Symposium on High Temperature Superconductors -Preparation and Applications, at the E-MRS Fall Meeting, Strasbourg, November 8 10, 1988.
Introduction
The development in the field of superconducting high T, thin films tends towards improved quality of these films, driven by desires for increasing T, and critical current density J, and high surface quality for tunnel or SNS (superconductor-normalconductor-superconductor) junction fabrication. This has been partly achieved through changes in the preparation and the use of new materials. The role of analytical instrumentation is becoming increasingly important as all aspects of the technology associated with the production of high T, superconducting thin films (high T, and J, and high mechanical and chemical stability) are pushed towards their current limits.
Important aspects which still remain to be solved are intragrain weak links in the cuprate superconductor, the chemical composition and the actual structure of the cuprate film. Given the very small dimensions of the features involved, one needs an analytical technique with a very high spatial and depth resolution. Scanning Auger electron spectroscopy and angle-resolved X-ray photoelectron spectroscopy (ARXPS) are such techniques. The objective of this paper is to show the potential of the combination of scanning Auger microscopy (SAM) and scanning electron microscopy (SEM) in clarifying the local composition and structure of highly Auger depth profiling using argon ions, a technique, which is extensively used in the depth analysis of thin films, and the recording of Auger linescans [l] . The latter technique, which we call Auger line profiling, is superior in revealing important clues to the constitution of the film resulting from interdiffusion, growth and oxygen annealing and, in particular, precipitation and enhanced diffusion at grain boundaries. It does not suffer from sputter artefacts and serious charging problems (on reaching the cuprateinsulator interface) often encountered in destructive Auger depth profiling [2] . The SAM-SEM measurements have been performed using the PHI 600 scanning Auger microprobe, the achieved lateral resolution being 20 nm. The cuprate films were deposited on (lOO)-oriented MgO and sapphire single crystalline substrates by r.f. magnetron sputtering from a stoichiometric sinter target in a turbopumped vacuum chamber, followed by several anneal stages in 0, up to 920 "C [3] . The cuprate film on the sapphire substrate received after the ARXPS measurement an additional air anneal at 750 "C! for 24 h.
The elemental Auger linescans were recorded on a freshly prepared cross-sectional surface of a thin film deposited on a substrate and fractured in air. The following experimental conditions were used: primary beam energy E,, = 15 keV; primary beam current I,, = 0.25 nA; 160 points per line; analysis time per point T = 5 s; energy resolution AEIE of the cylindrical mirror analyser, 1.2%; additional point analyses below the cupratesubstrate interface using T = 40 s. Under these conditions the detection limit for copper is less than 3% (atomic concentration) [4] . The lateral resolution, defined as the 
Problem
A thin film consisting of yttrium, barium, copper and oxygen has been prepared according to the recipe described in ref. Moreover, ARXPS measurements showed an enrichment of BaO, in the surface layer [5] . The question arose as to which factors caused the reduction in Tc and the higher electrical resistance of YBaCuO films on Al,O,.
Analysis results
Figure l(a) shows the SEM image of a freshly prepared cross-sectional surface of a thin YBaCuO film on a sapphire substrate and fractured under atmospheric conditions. The Auger linescans in Fig. l(b) display the topographically corrected elemental Auger intensity across the interface in the SEM image (Fig. l(a) ) indicated by the arrows. As observed in the Auger (Ar+) sputter profile [l], a significant enrichment of barium (relative atomic concentration) occurs both at the outer surface (about 0.12 pm) and near the cupratesapphire interface (0.4 pm). The locally enhanced aluminium intensity at 0.12 pm is due to preferential segregation of aluminium at grain boundaries, as will be shown in Fig. 2(b) . Only between 0.15 and 0.40 pm are the barium and copper intensities and the yttrium and oxygen intensities (not shown) constant, which implies a homogeneous cuprate layer of about 0.25 pm. The drop in elemental Auger intensities between 0 and 0.1 pm is due to carbon contamination of the freshly prepared surface by fracturing in air [l]. The relatively high barium concentration in the surface region is due to the formation of the thermodynamically stable BaO, [5] , forming crystallites as shown in ref. 1 by the elemental Auger mappings. Furthermore, the build-up of barium is enhanced by the rapid barium diffusion in oxygen- deficient cuprate via the oxygen vacancies in the copper chains [6] . Near the cupratesapphire interface the increase in barium strongly suggests the formation of the thermodynamically stable barium aluminate [ 71. Supporting evidence is given by the linescans which were recorded parallel to the substrate in the film at about 0.15 pm below the surface of the top layer (SEM image in Fig. 2(a) ). The linescans displayed in Fig. 2(b) show only an enrichment of aluminium, barium and oxygen at a grain boundary (Fig. 2(a) ) which, in our opinion, is an indication of the insulating BaAl,O,. The barium aluminate segregation at grain boundaries is likely to be the reason for the higher electrical resistance of films on Al,O,. Furthermore, aluminium is substituted in the cuprate at copper sites (Fig. l(b) and ref. 1 ) thus explaining the T, reductions [ 81.
In contrast to sapphire substrates, in MgO substrates an enhanced concentration of barium below the cuprate film has not been observed, neither from the sputter profiles [l] nor from the Auger line profiles. 3(a) shows the SEM image of a fractured MgO substrate surface with a YBaCuO film on top. The sample did not receive a prolonged air anneal as in the case of the YBaCuO/sapphire sample and we did not find any indication for a more stable Mg&&O compound. Displayed in Fig. 3(b) are the Auger line profiles for copper and magnesium recorded between the arrows in the SEM image of Fig. 3(a) . Form the linescan it has been determined that the depth of penetration of copper extends more than 400 nm below the YBaCuOMgO interface, in agreement with our earlier preliminary copper Auger linescan [9] . As can be seen from the line profile in Fig. 3(b) , the main reason for reduced T, and quality of cuprate films on MgO is the copper loss into the MgO substrate. This on the one hand allows for wetting and oriented growth in sputter deposition [9] but on the other hand yields a copper loss, degrading the quality of the films. This is prevented in part by copper doping of MgO single crystals and by reduced annealing temperatures and times as shown by the currently prepared films. We investigated a number of YBaCuO-on-MgO samples, but segregation to grain boundaries or interfaces, however, could not be observed.
Conclusion
The present study shows that Auger line profiling is very useful in clarifying the local composition and structure of highly textured YBaCuO thin films with a thickness of 0.4 -1 pm. Auger line profiling gives essentially the same results as destructive Auger sputter profiling but without any sputter artefacts, however, such as preferential sputtering and induced surface roughening, and serious charging problems. Moreover, the determination of the film thickness is very easily carried out just by observing the material contrast in the SEM image of the fractured surface. Our future Auger line profiling measurements will be performed on samples which are fractured in situ in ultrahigh vacuum, thus avoiding carbon contamination on the freshly prepared surface. From our extensive set of data (refs. 1, 5 and 9, and this work) we may speculate that the high depth resolution of ARXPS, yielding the chemical signature of the surface region (thickness less than 10 nm), and the high lateral resolution of Auger line profiling at substrates, electrical contacts or grain boundaries, will show directions in the future development of new high(er) T, superconducting films.
